Patterns of presynaptic activity properly timed with postsynaptic action potential output can not only increase the strength of synaptic inputs but can also increase the excitability of dendritic branches of adult CA1 pyramidal neurons. Here, we examined the role of protein kinase A (PKA) and mitogen-activated protein kinase (MAPK) in the enhancement of dendritic excitability that occurs during theta-burst pairing of presynaptic and postsynaptic firing activity. Using dendritic and somatic whole-cell recordings in rat hippocampal slices, we measured the increase in the amplitude of back-propagating action potentials in the apical dendrite that occurs in parallel with long-term potentiation (LTP) of synaptic inputs. We found that inhibition of the MAPK pathway prevents this enhancement of dendritic excitability using either a weak or strong LTP induction protocol, while synaptic LTP can still be induced by the strong protocol. Both forms of plasticity are blocked by inhibition of PKA and occluded by interfering with cAMP degradation, consistent with a PKA-mediated increase in MAPK activity following induction of LTP. This provides a signalling mechanism for plasticity of dendritic excitability that occurs during neuronal activity and demonstrates the necessity of MAPK activation. Furthermore, this study uncovers an additional contribution of kinase activation to plasticity that may occur during learning.
Plasticity in the hippocampal CA1 region may be a key component of certain forms of learning. The occurrence of plasticity of synaptic inputs has been well established. More recently, it has emerged that neuronal membrane properties also display plasticity during neuronal activity (reviewed by Zhang & Linden, 2003; Frick & Johnston, 2005) . Any modification of the membrane properties of dendrites alters their excitability, yielding a large impact on the integration of synaptic input, the propagation of these signals along the dendrites, and ultimately on the generation of action potentials (Frick & Johnston, 2005) . The ability of a signal to propagate down the dendrite, or 'dendritic excitability' , can be measured as the amplitude of a back-propagating action potential (bAP) over the dendrite. This measure of dendritic excitability is regulated by a number of ion channels, in particular, the channels that underlie the A-type K + current (I A ). The A-type K + channels increase in density as a function of distance from the soma , and blockers of these channels enhance AP back-propagation and decrease J. A. Rosenkranz and A. Frick contributed equally to this work. the threshold for dendritic APs . Similarly, mitogen-activated protein kinase (MAPK) phosphorylates A-type K + channels and decreases I A , thereby enhancing dendritic excitability (Yuan et al. 2002; Schrader et al. 2006) . Conversely, MAPK blockers reduce dendritic excitability (Watanabe et al. 2002) . In addition, protein kinase A (PKA) and protein kinase C (PKC) have been shown to converge on MAPK in mediating this reduction in dendritic K + current (Yuan et al. 2002 ). Previous studies demonstrate that modifications of dendritic membrane properties can also occur in parallel with long-term potentiation (LTP) of synaptic transmission (Wang et al. 2003; Frick et al. 2004; Fan et al. 2005; Xu et al. 2005; Kim et al. 2007; Narayanan & Johnston, 2007; Losonczy et al. 2008) . Certain activity patterns that induce LTP also trigger the phosphorylation of MAPK (English & Sweatt, 1996) by MAP-ERK kinase (MEK). The synaptic changes that occur during these forms of LTP rely upon MAPK (English & Sweatt, 1997; Kanterewicz et al. 2000) . In addition, after LTP the channels that underlie I A (Kv4.2) are internalized (Kim et al. 2007 ), leading to a localized decrease of I A and a concomitant increase in the amplitude of bAPs (Frick et al. 2004) . Thus, activation of J Physiol 587.1 MAPK and induction of LTP both lead to a reduction of I A and an increase of dendritic excitability. Given the parallels between the effects of MAPK on dendritic excitability and the changes of dendritic excitability that occur during LTP, it has been hypothesized that the change of dendritic excitability that occurs during LTP is dependent upon MAPK. However, this has not been directly tested. In addition, it is unknown whether PKA, a kinase that can initiate cascades that phosphorylate MAPK (Yuan et al. 2002) , is involved in the dendritic changes that occur during LTP. This study uses in vitro dendritic and somatic whole-cell recordings to test whether the changes of synaptic input and dendritic excitability that occur during theta-burst pairing LTP are dependent upon MAPK.
Methods

Ethical approval
All procedures were performed in accordance with the Institutional Animal Care and Use Committee at The University of Texas at Austin and Baylor College of Medicine, and followed the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication no. 85-23, revised 1996) .
Slice preparation
Male Sprague-Dawley rats (aged 6-9 weeks, 126 animals) were anaesthetized with an intraperitoneal injection of a combination of ketamine (42 mg ml −1 ) and xylazine (8 mg ml −1 ). Once anaesthetized, rats were perfused intracardially with an ice-cold solution containing (mM): 210 sucrose, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 0.5 CaCl 2 , 7 MgCl 2 , 7 dextrose, 1.3 ascorbic acid and 3 pyruvic acid (all drugs were from Sigma, St Louis, MO, USA unless otherwise specified). The solution was saturated with a 95% O 2 -5% CO 2 gas mixture. After perfusion, the rats were quickly decapitated; the brain was removed, and sliced in 300-350 µm sections in the same solution (Vibratome Series 1000, Vibratome, St Louis, MO, USA). Brain slices were then incubated at 37
• C for 20-30 min in a solution saturated with 95% O 2 -5% CO 2 gas mixture, containing (mM): 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 2 CaCl 2 , 1 MgCl 2 , 10 dextrose, 1.3 ascorbic acid and 3 pyruvic acid. After incubation, brain slices were allowed to stabilize for at least 50 min at room temperature prior to transfer to the recording chamber. Immediately prior to transferring the slice to the recording chamber, a small cut was made between CA1 and CA3 to diminish the possibility of epileptiform activity.
Whole-cell recordings
Brain slices were transferred to a recording chamber perfused with a solution saturated with 95% O 2 -5% CO 2 gas mixture, containing (mM): 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 2 CaCl 2 , 1 MgCl 2 and 10 dextrose. Pyramidal neurons in CA1 were visually identified using infrared differential interference contrast microscopy. Pyramidal neurons were selected based on the protrusion of a long apical dendrite and a non-stellate appearance. Patch electrodes were constructed from borosilicate glass with an outer diameter of 1.65-2.0 mm. Electrodes were pulled using a Flaming/Brown micropipette puller (Model P-97, Sutter Instruments, Novato, CA, USA). Electrodes were filled with (mM): 120 potassium gluconate, 20 KCl, 0.2 EGTA, 10 HEPES and 2 MgCl 2 , with a pH of 7.3. On the day of recordings, 4 Na 2 -ATP, 0.3 Tris-GTP and 7 phosphocreatine were added to the internal recording solution (yielding an osmolality of approximately 290-295 mosmol kg −1 ). Whole-cell recordings were performed at approximately 34
• C. The electrode junction potential was corrected in the bath, but the diffusion potential was not compensated after seal formation and membrane rupture. Prior to formation of a seal, the electrode tip potential was negated, and the open-tip resistance measured (typically 4-6 M ). Upon successful transition to whole-cell configuration, the neuron was given at least 5 min to stabilize before data were collected. Series resistance was monitored and compensated throughout the experiment using built-in bridge circuitry. Synaptic EPSPs were evoked by electrical stimulation (0.1 ms, 0.01-0.2 µA) along the apical dendrite 225-325 µm from the soma and 15-25 µm lateral to the apical dendrite. Back-propagating APs were evoked by electrical stimulation (0.1 ms, 0.01-0.2 µA) 5-20 µm from the initial segment of the axon of the same neuron. Two types of theta-burst pairing (TBP) protocols were used to induce LTP. In both instances, five EPSPs were evoked in bursts of 100 Hz, repeated in 10 trains of 5 Hz (theta-frequency; Fig. 1 ). These trains were repeated three times at 0.1 Hz. The two forms of TBP protocols differed in the number of bAPs paired with the EPSPs (see, e.g. Watanabe et al. 2002; Frick et al. 2004 ). In the 'strong protocol' (5 bAP protocol), a single bAP was evoked for each EPSP (5 bAPs per burst). In the 'weak protocol' (2 bAP protocol), a single bAP was evoked for each of the last two EPSPs in the burst (2 bAPs per burst; Fig. 1 ). In both conditions, the bAP was timed to occur close to the peak of the EPSP. After LTP induction, a single test bAP or EPSP was evoked, alternating every 15 s for 45 min. If the membrane potential deviated from the resting membrane potential (V rest ) after LTP induction, it was brought close to the original value with DC injection. Series resistance was monitored throughout the experiment with test current injections (−40 pA, 500 ms). Experiments were only included in analysis if the series resistance remained relatively stable (< 15% change) and was below 25 M for dendritic recordings and 15 M for somatic recordings. Additionally, data were not included if the bAP appeared to be evoked by synaptic stimulation instead of antidromic stimulation (i.e. if the bAP was riding on top of an EPSP and/or it had a latency > 2 ms).
Drug application
In all experiments, 10 µM bicuculline (in DMSO, Tocris Bioscience, Ellisville, MO, USA), 10 µM picrotoxin (in ethanol, Sigma) and 2 µM CGP55845 (in DMSO, Tocris Bioscience) were included in the bath. In some experiments, brain slices were pre-incubated with the MEK inhibitors U0126 (10 µM, Tocris Bioscience) or PD098059 (50 µM, Sigma) for approximately 30-45 min prior to LTP induction, and were present throughout the experiment. This allowed ample time for the MEK blockers to reach a plateau of effect (Watanabe et al. 2002; and see Fig. 4C ). The PKA inhibitor KT5720 (200 nM, Tocris Bioscience) or the phosphodiesterase (PDE) inhibitor Ro 20-1724 (10 µM, Tocris Bioscience) were likewise pre-applied in some experiments. In a group of experiments, the PKA inhibitory peptide fragment (10 µM, PKAi fragment 6-22, Tocris Bioscience) was applied intracellularly in the recording pipette. In a separate group of experiments, these drugs were applied after baseline data had been obtained, to determine their effects on bAP parameters. The amount of DMSO in the bath was maintained at or below 0.1%.
Data collection and analysis
Voltage signals were amplified and filtered in most experiments at 10 kHz (SEC-05L, npi electronic GmBH, Tamm, Germany; AxoClamp 2A, Axon Instruments, Union City, CA, USA), and collected and digitized at 50 kHz via an ITC-18 interface board (Instrutech Corp., Port Washington, NY, USA), transmitting to an Apple computer (PowerPC G5, Cupertino, CA, USA) running Igor Pro software (WaveMetrics Inc., Lake Oswego, OR, USA).
The action potential rise time was quantified as the peak of the first derivative (dV /dt) of the action potential waveform and the initial dV /dt. The bAP amplitude was defined as the difference between the action potential peak voltage and the initial membrane potential. The EPSP slope was quantified from 10 to 90% of peak amplitude.
All planned comparisons were made with Student's paired t tests, with an α-level of 0.05 considered significant. Further post hoc comparisons were made with Student's unpaired t tests, unless otherwise noted, with Bonferroni corrections of P values. In all plots, markers indicate the mean value ± S.E.M.
Results
A total of 165 neurons were analysed for this study. Twenty-eight recordings were made from the soma and 137 were dendritic recordings (225-325 µm from soma, median 275 µm). The neurons displayed properties similar to previous reports of CA1 pyramidal neurons at this age (somatic V rest , −67.4 ± 1.1 mV; somatic neuronal input resistance, 69.7 ± 4.6 M ; somatic AP amplitude, 101.0 ± 0.5 mV; dendritic V rest , −63.8 ± 1.4 mV; and dendritic neuronal input resistance = 58.5 ± 8.2 M ). The amplitude of the dendritic bAP was distance dependent.
Theta-burst pairing induced dendritic plasticity
Excitatory postsynaptic potentials with baseline amplitudes of 2-6 mV (as measured at the dendritic recording site) were evoked by electrical stimulation close to the apical dendrite, at distances of 225-325 µm (see Methods). The recording patch electrode was at the trunk of the adjacent apical dendrite (Fig. 1A , Frick et al. 2004) . Long-term potentiation was induced by one of two previously described theta-burst pairing protocols: repeated pairing of five EPSPs with five bAPs (5 bAP protocol, 'strong protocol'), or pairing five EPSPs with two bAPs (2 bAP protocol, 'weak protocol'; Fig. 1B and C; see Methods for more details; Watanabe et al. 2002) . When recording in the dendrite, the standard five bAP stimulation protocol induced a strong increase in the amplitude of the evoked EPSP and in the slope of the evoked EPSP rise time ( Fig. 2A and C; 250.1 ± 32.2% of normalized slope; n = 11, t = 4.66, P < 0.001, one sample t test significantly different from 100), and an ∼20% increase in the bAP amplitude ( Fig. 2A and C; baseline, 26.4 mV ± 2.1 mV; post-LTP, 31.7 ± 2.7 mV; n = 11, t = 4.82, P < 0.01, Student's paired t test). The two bAP protocol induced a smaller LTP of EPSPs ( Fig. 2B and  C; 164.4 ± 25.4% of normalized slope of the rise time; n = 12, t = 2.54, P = 0.026, one sample t test significantly different from 100), and a smaller (∼10%) increase of the bAP ( Fig. 2B and C; baseline, 24.6 ± 2.3 mV; post-LTP, 27.4 ± 2.7 mV; n = 12, t = 2.91, P = 0.016, Student's paired t test). There was no significant difference in the peak dV /dt or the initial dV /dt in the bAP after LTP (5 bAP LTP: baseline peak dV /dt, 41.4 ± 5.3 mV ms −1 ; post-LTP, 43.0 ± 6.6 mV ms −1 ; P > 0.05, t = 2.02, Student's paired t test; baseline initial dV /dt, 39.4 ± 5.6 mV ms −1 ; post-LTP, 44.8 ± 5.8 mV ms −1 ; P > 0.05, t = 2.09, Student's paired t test; and 2 bAP LTP: baseline peak dV /dt, 43.3 ± 6.9 mV ms −1 ; post-LTP, 45.7 ± 7.0 mV ms −1 ; P > 0.05, t = 2.14, Student's paired t test; baseline initial dV /dt, 36.5 ± 6.1 mV ms −1 ; post-LTP, 38.1 ± 6.3 mV ms −1 ; P > 0.05, t = 2.12, Student's paired t test).
These two TBP protocols were also examined using somatic recordings. As observed previously (Watanabe et al. 2002) , and in accordance with our results obtained with dendritic recordings, both protocols induced LTP of the EPSP recorded at the soma (5 bAP protocol, 233.8 ± 27.5% of normalized EPSP rise time slope, n = 6; 2 bAP protocol, 155.2 ± 31.9% of normalized EPSP rise time slope, n = 11).
Inhibition of MAPK blocked dendritic plasticity
We next probed the role of the MAPK pathway in mediating synaptic and dendritic plasticity induced with either the 'strong' or 'weak' TBP protocol. Specific inhibitors of MEK (10 µM U0126 or 50 µM PD098059) were bath applied 30-45 min before LTP induction. As shown in the previous subsection, in control conditions LTP was accompanied by an increase in bAP amplitude by ∼10-20% (depending on the protocol used); however, in the presence of MEK inhibitors the bAP amplitude did not change after the TBP protocols (Fig. 3) regardless of whether the five bAP protocol (Fig. 3A and C, bottom panel; in PD098059, baseline bAP amplitude, 28.4 ± 3.1 mV; post-pairing bAP amplitude, 27.8 ± 2.9 mV; P = 0.48, t = 0.72, n = 12, Student's paired t test; and in U0126, baseline bAP amplitude, 22.9 ± 2.7 mV; post-pairing bAP amplitude, 22.2 ± 2.5 mV; P = 0.09, t = 1.90, n = 10, Student's paired t test) or two bAP protocol was used ( Fig. 3B and C, bottom panel; in PD098059, baseline bAP amplitude, 23.5 ± 2.4 mV; post-pairing bAP amplitude, 22.8 ± 2.2 mV; P = 0.25, t = 21.30, n = 6, Student's paired t test; and in U0126 baseline bAP amplitude, 22.6 ± 2.1 mV; post-pairing bAP amplitude, 21.9 ± 2.2 mV; P = 0.22, t = 2.63, n = 13, Student's paired t test). The blockade of the TBP-induced increase of the bAP amplitude by MEK inhibitors is consistent with the hypothesis that these activity patterns activate MAPK, and that this mechanism is responsible for the change of dendritic excitability after LTP induction.
However, the MAPK pathway appears to have a more limited role in synaptic plasticity. Thus, MEK inhibitors blocked LTP of the EPSP only in the two bAP protocol ( Fig. 3B and C, top panel; in U0126 102 ± 11% of normalized EPSP rise time slope; P = 0.63, t = 0.50, n = 12, one-sample t test; and in PD098059 98 ± 13% of normalized EPSP rise time slope; P = 0.86, t = 0.181, n = 6) and not in the five bAP protocol (Fig. 3A and C, top panel; in U0126 190 ± 18% of normalized EPSP rise time slope; P = 0.006, t = 5.11, n = 10, one-sample t test; and in PD098059 228 ± 27% of normalized EPSP rise time slope; P = 0.0017, t = 4.40, n = 10). This effect of MEK inhibitors on LTP of the EPSP was also apparent when recording LTP at the soma, as previously described (Watanabe et al. 2002) , and replicated here (U0126, 5 bAP protocol, 211 ± 38% of normalized EPSP rise time slope; P = 0.0034, t = 4.02, n = 6; 2 bAP protocol, 113 ± 29% of normalized EPSP rise time slope, P > 0.05, t = 1.01, n = 5; data not shown).
Inhibition of MEK by itself (without an LTP protocol) decreased the amplitude of the bAP (Fig. 4) . When slices were pre-incubated in U0126 or PD098059 (30 min), the bAP amplitude tended to be smaller, compared with control groups (Fig. 4B ). When applied during the recording, U0126 or PD098059 decreased the amplitude of the bAP over time, reaching a plateau after approximately 30 min ( Fig. 4A and C ; baseline bAP amplitude, 28.5 ± 4.1 mV; post U0126 bAP amplitude, 23.6 ± 4.4 mV; P < 0.001, t = 4.81, n = 8, Student's paired t test; and baseline bAP amplitude, 32.9 ± 5.6 mV; post PD098059 bAP amplitude, 26.0 ± 6.3 mV; P > 0.001, t = 5.12, n = 9, Student's paired t test). However, this reduction in bAP amplitude alone does not account for the effects of these drugs on TBP-induced changes in dendritic excitability, as supported by the following finding. A range of bAP amplitudes was observed both in control conditions and in conditions when MAPK was blocked (Fig. 4B) , and even in the presence of larger bAP amplitudes the MEK inhibitors still blocked the increase of the bAP amplitude (Fig. 4D) and LTP when the two bAP protocol was used. Furthermore, the reduction in the amplitude of the bAP after MEK inhibition is unlikely to be the result of time-dependent cellular rundown, since control groups that were not exposed to MEK inhibitors did not show this decrease of bAP amplitude (Fig. 4C) .
We can also exclude the possibility that the lack of a significant change in the bAP amplitude (after TBP in the presence of MEK inhibitors) was due to an insufficient duration of pre-application of the MEK inhibitors. The neurons were pre-exposed to the MEK inhibitors for at least 30 min prior to TBP (see Fig. 4C and Methods). Thus, it is unlikely that the reduction of bAP amplitude by MEK inhibition and its increase following TBP activity could offset each other.
Role of cAMP and PKA in dendritic plasticity
In CA1 neurons, PKA can modulate I A and bAP amplitude through effects on MAPK (Yuan et al. 2002) . If the changes of bAP amplitude after TBP truly necessitate PKA-induced activation of MAPK, blockade of PKA should also disrupt the effect of TBP on the bAP amplitude. Consistent with this idea, when the PKA inhibitor KT5720 (200 nM) was pre-applied, TBP did not cause changes of bAP amplitude (Fig. 5A and C, bottom panel) . This effect of KT5720 on TBP-induced bAP changes was observed when either the five bAP protocol or the two bAP protocol was used (5 bAP protocol: baseline bAP amplitude, 23.9 ± 2.1 mV; postpairing, 22.8 ± 2.0 mV; P > 0.05, t = 1.48, n = 7, Student's paired t test; and 2 bAP protocol: baseline bAP amplitude, 22.5 ± 1.8 mV; postpairing, 21.7 ± 1.9 mV; P > 0.05, t = 1.77, n = 7, Student's paired t test). In addition, KT5720 blocked LTP of the EPSP (Fig. 5A and C, top panel; 2 bAP protocol, 103 ± 3% of normalized EPSP rise time slope, P > 0.05, n = 7, Student's paired t test; 5 bAP protocol 106 ± 8% of normalized EPSP rise time slope, P > 0.05, n = 7, Student's paired t test). These effects are consistent with a crucial role for PKA in TBP-induced synaptic and dendritic plasticity. These experiments were replicated using another specific PKA inhibitor, the PKA inhibitor peptide PKAi (10 µM; Glass et al. 1989) , added to the recording pipette. Similar to the effects of PKA blockade with KT5720, in the presence of intracellular PKAi peptide, TBP did not induce changes in the bAP amplitude (Fig. 5C , bottom panel; 5 bAP protocol, baseline bAP amplitude, 24.3 ± 2.8 mV; postpairing, 26.8 ± 2.8 mV; P > 0.05, t = 1.83, n = 5, Student's paired t test; and 2 bAP protocol, baseline bAP amplitude, 21.0 ± 2.4 mV; postpairing, 22.5 ± 2.7 mV; P > 0.05, t = 1.36, n = 5, Student's paired t test). Also similar to the effects of KT5720 on synaptic plasticity, PKAi blocked LTP of the EPSP after both the two bAP protocol and the five bAP protocol (Fig. 5C , top panel; 2 bAP protocol, 107 ± 7% of normalized EPSP rise time slope, P > 0.05, n = 5, Student's paired t test; 5 bAP protocol, 115 ± 11% of normalized EPSP rise time slope, P > 0.05, n = 5, Student's paired t test).
Next we tested whether the PKA pathway modulates dendritic excitability under basal conditions. Inhibition of PKA with KT5720 (200 nM) in the absence of TBP protocols had little apparent effect on the amplitude of the bAP ( Fig. 6A and D ; baseline bAP amplitude, 23.4 ± 3.3 mV; post-KT5720 application, 22.1 ± 3.4 mV; P > 0.05, t = 0.79, n = 4, Student's paired t test). This indicates that the lack of a significant effect of TBP on the bAP amplitude during PKA inhibition is not caused by an action of KT5720 on bAP amplitude. Furthermore, these results indicate that, unlike MAPK, there is minimal tonic influence of PKA on dendritic excitability. Similarly, addition of PKAi (10 µM) did not exert significant time-dependent effects on the bAP amplitude (Fig. 6D) , indicating that the effects of PKAi are not due to offsetting actions of PKAi on basal bAP amplitude and TBP-induced changes.
If the effects of TBP are mediated by activation of the PKA-MAPK signalling cascade, then when this cascade is already potently activated, TBP is expected to have minimal effects. Since the effects of the pairing protocol that uses two bAPs has complete reliance on MAPK (in the presence of MAPK blockers, the changes of bAP and EPSP amplitudes are suppressed) and PKA, we used this TBP protocol to examine the effects of facilitation of the PKA-MAPK cascade. Protein kinase A is activated by cAMP. Cyclic AMP, in turn, is degraded by phosphodiesterases, in particular PDE IV in the brain, thereby limiting its actions on PKA. Therefore, PDE inhibition is expected to lead to an accumulation of cAMP and to result in increased activation of PKA and MAPK. To test whether PDE inhibition (and cAMP accumulation) occludes the effects of the two bAP TBP protocol on the bAP amplitude, the specific PDE IV blocker Ro 20-1724 (10 µM) was applied before TBP. In contrast to control conditions, in the presence of Ro 20-1724 there was no significant change in the EPSP rise time slope (Fig. 5B and C, top panel; 109 ± 4% of normalized EPSP rise time slope, P > 0.05, n = 7) or the amplitude of the bAP after TBP (Fig. 5B and C bottom; baseline bAP amplitude, 24.8 ± 2.3 mV; postpairing bAP amplitude, 25.2 ± 2.8 mV; P = 0.55, t = 0.67, n = 7, Student's paired t test). Several features make this consistent with occlusion and not blockade of LTP by PDE inhibition, as follows: (1) application of Ro 20-1724 alone during dendritic recordings, without TBP, increased the amplitude of the bAP ( Fig. 6B and D; baseline bAP amplitude, 25.8 ± 3.3 mV; post Ro 20-1724, bAP amplitude, 31.2 ± 3.2 mV; P > 0.001, t = 3.68, n = 6, Student's paired t test); (2) this effect of Ro 20-1724 on the bAP amplitude was blocked by the MAPK inhibitor U0126 ( Fig. 6C and D; U0126, bAP amplitude, 22.9 ± 3.5 mV; and U0126 + Ro 20-1724, bAP amplitude, 22.7 ± 3.1 mV; P < 0.05, t = 0.79, n = 4, Student's paired t test); and (3) LTP could not be induced even with the strong five bAP protocol (104 ± 9% of normalized EPSP rise time slope, P > 0.05, n = 7), but LTP could be induced using the strong protocol when MAPK was blocked (see previous subsection). This is consistent with a PKA-mediated increase in MAPK during LTP, and that this effect can be occluded if PKA activity is already amplified before LTP. Figure 7 . Schematic diagram of divergent activity-dependent roles of PKA and MAPK in synaptic and dendritic plasticity A, in conditions of low paired pre-and postsynaptic activity (2 bAP TBP), PKA activates MAPK, which is necessary for synaptic and dendritic plasticity. B, when there is a higher degree of paired activity (5 bAP TBP), dendritic plasticity still requires MAPK, while synaptic plasticity does not. C, when MAPK is blocked and there is a high degree of paired activity, synaptic plasticity can still occur, even in the absence of dendritic plasticity. It is important to note that this model describes only the role of MAPK in plasticity and not its role in modulation of basal synaptic transmission, which has been studied elsewhere (English & Sweatt, 1997) .
Discussion
The major conclusion from this study is that specific patterns of pre-and postsynaptic activity (TBP) are linked to an increase in dendritic excitability via activation of MAPK. Specifically, we found that blocking MAPK prevents changes in dendritic excitability, while LTP of synaptic efficacy can still be induced by more robust TBP protocols. Furthermore, activation of MAPK during LTP may rely upon concurrent activation of PKA, since inhibition of PKA also suppresses synaptic and dendritic plasticity. Expanding on our previous finding that TBP can induce synaptic plasticity and change the integrative properties of dendritic subunits, our results suggest a mechanism by which both forms of plasticity can be induced, either together or separately, depending on the activity patterns used. While previous studies have demonstrated a significant role for PKA-activated MAPK in LTP, these findings demonstrate the novel role of these protein kinases in the plasticity of dendritic excitability that occurs during TBP activity, and strongly support the idea that synaptic and dendritic plasticity are not necessarily linked in the same signalling cascade.
Dendritic excitability regulates neuronal function and plasticity. The A-type K + channels are important regulators of dendritic excitability in hippocampal CA1 pyramidal neurons, by reducing synaptic integration, the initiation of dendritic spikes and the back-propagation of action potential output Ramakers & Storm, 2002; Cai et al. 2004; Frick et al. 2004; Losonczy & Magee, 2006; Kim et al. 2007) . The impact of A-type K + channels on dendritic excitability can be modified by many factors, including phosphorylation by MAPK activity. Dendritic excitability can also be shifted in response to changes in synaptic and intrinsic activity, such as during LTP-inducing activity patterns. This study demonstrates a link between activity and dendritic excitability due to MAPK activation occurring during TBP. Given the role of A-type K + channels in regulating dendritic excitability, and their modulation by MAPK and periods of robust neuronal and synaptic activity, it is likely that the results observed in this study are due to a MAPK-mediated modulation of A-type K + channels. Future studies will determine whether MEK inhibition can block the effects of neuronal activity on I A .
For the reasons described in the previous paragraph, we favour a role for kinase-dependent modulation of A-type K + channels in the effects of TBP on the bAP amplitude. However, it is possible that other mechanisms may underlie this bAP change. For instance, an increase of Na + current has been observed after similar LTP-inducing protocols (e.g. Xu et al. 2005) , and blockade of MEK can reduce activity-dependent increases of Na + channel activity (Loftis et al. 2003) . Our data, however, argue against a major contribution of Na + channels to the increase in bAP amplitude, because the initial rate of rise of the bAPs, a parameter that reflects the fast activation of Na + channels (Hodgkin & Katz, 1949; Colbert et al. 1997) , was not changed following TBP (see also Frick et al. 2004 ). Another possibility is that the role of kinases is related to modulation of protein synthesis and post-translation modifications (Klann & Sweatt, 2008) , in which case the TBP protocols may cause MAPK-dependent phosphorylation of factors that regulate the synthesis of proteins that modulate dendritic excitability.
The increase of dendritic excitability during LTP requires PKA activation, as well as MEK-induced activation of MAPK. Interestingly, both a blocker of PKA and of PDE (which should increase PKA activity) suppressed all changes during TBP. One interpretation of this finding is that PKA blockade will prevent LTP by discontinuity in the signalling cascades that promote LTP, while increased levels of PKA will disrupt LTP by occlusion of changes of PKA levels that usually occur during LTP, resulting in diminished changes of MAPK. Consistent with this interpretation, the PDE inhibitor increased dendritic excitability, and a MEK inhibitor blocked this effect. An essential role for PKA in LTP has been seen before (Huang & Kandel, 1994; Nguyen & Kandel, 1996) , and is extended by these studies to include its role in dendritic plasticity.
The increase of dendritic excitability during LTP may help facilitate synaptic changes, a phenomenon referred to as metaplasticity (Abraham & Bear, 1996) . However, the MAPK-dependent change of excitability is not always directly tied to LTP of synaptic inputs. In more robust forms of LTP (5 bAP protocol), synaptic changes persist in the absence of dendritic changes when MAPK is blocked. In less robust forms of LTP (2 bAP protocol), the synaptic changes are more closely related to changes of dendritic excitability, and MAPK inhibition blocks both. However, inhibition of PKA blocks dendritic and synaptic plasticity in both stronger and weaker forms of LTP, which might not be expected if PKA is modulating plasticity entirely through MAPK. Perhaps in the weaker forms of plasticity, PKA activation induces MAPK activity, resulting in synaptic LTP and increased dendritic excitability (Fig. 7) , whereas in more robust forms of LTP, PKA is activated to such an extent that it exerts MAPK-dependent effects on dendritic excitability and MAPK-independent effects on synaptic plasticity (Fig.  7) . In fact, it has been demonstrated that PKA can exert direct effects on AMPA and NMDA receptors and small conductance Ca 2+ -activated K + (SK) channels during synaptic plasticity (Nayak et al. 1998; Westphal et al. 1999; Banke et al. 2000; Tavalin et al. 2002; Esteban et al. 2003; Skeberdis et al. 2006; Lin et al. 2008) , and the degree of PKA activation may depend upon the potency of the induction protocol (Huang & Kandel, 1994 1996; Woo et al. 2000) . Coupled with this, more potent LTP induction protocols are likely to induce greater postsynaptic Ca 2+ influx, which may also influence PKA targets involved in the expression of synaptic plasticity. Other protein kinases and signalling molecules are also likely to be involved in plasticity to differing degrees and in an activity-dependent manner, thereby influencing synaptic plasticity when MAPK is blocked; however, this has yet to be demonstrated. Protein kinase C, in particular, may play a significant role in the plasticity of the bAP (Yuan et al. 2002) . However, blockade of PKA alone does not uncover residual bAP plasticity that might be induced by PKC activation (Fig. 5) . Perhaps the TBP protocol does not activate PKC, or coactivation of PKA and PKC may be needed, and blockade of either alone may minimize bAP plasticity.
In summary, this study demonstrates the crucial role for MAPK in the effects of synaptic and intrinsic activity on dendritic signal propagation. Furthermore, it demonstrates the existence of convergent and separate pathways leading to the induction of synaptic plasticity and plasticity of dendritic excitability. The dissociation between forms of plasticity is dependent upon the amount of pre-and postsynaptic activity, and is the result of the recruitment of different signalling pathways. One important ramification is that there are conditions in which synaptic plasticity can occur in the absence of dendritic plasticity, or perhaps vice versa. This novel information may also help to differentiate the roles of dendritic and synaptic plasticity, and of PKA and MAPK, in different forms and strengths of learning.
